A mathematical model for the regulation of mechanical activity in cardiac muscle has been developed based on a three-element rheological model of this muscle. The contractile element has been modeled taking into account the results of extensive mechanical tests that involved the recording of length-force and force-velocity relations and muscle responses to short-time deformations during various phases of the contraction-relaxation cycle. The best agreement between the experimental and the mathematical modeling results was obtained when a postulate stating two types of cooperativity to regulate the calcium binding by troponin was introduced into the model. Cooperativity of the first type is due to the dependence of the affinity of troponin C for Ca2' on the concentration of myosin crossbridges in the vicinity of a given troponin C. Cooperativity of the second type assumes an increase in the affinity of a given troponin C for Ca2' when the latter is bound by molecules neighboring troponin. (Circulation Research 1991;69:1171-1184 sing calcium ion indicators,' synchrotron ra-U diation,2 and troponin with fluorescent labeling, and other methods,3 investigators have studied the activation dynamics of the contraction-relaxation cycle, the kinetics of ionized calcium, and the behavior of myosin crossbridges and have compared these processes with mechanical events. Recent studies4-6 have shown that the calciumtroponin complex plays a central part in the regulation of the mechanical activity of cardiac and skeletal muscles.
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The present study is, essentially, an attempt to take into account this important role of calcium-troponin complexes within the framework of an original mathematical model of muscle contraction describing a number of known mechanical phenomena in cardiac muscle. These phenomena include length-force and force-velocity relations, events connected with cardiac muscle contraction and relaxation in isometric, isotonic, and physiological conditions of contraction. Close attention has been paid to modeling cardiac response to additional short-time shortenings and stretchings during the contraction-relaxation cycle. To check the results of mathematical modeling of the mechanical effects in the contraction-relaxation cycle of cardiac muscle, we have performed corresponding experiments using cat and rabbit papillary muscles. Comparative data have been analyzed and are presented in the present study. When constructing the model, special attention was paid to inactivation, that is, to the reduction in the contractile capacity of muscle depending on the mechanical conditions of contraction. Our central hypothesis is that the phenomenon of inactivation is closely associated with two forms of cooperativity of proteins along the thin filament in sarcomeres.
In a previous study,7 we developed a model that did not include cooperativity at all and examined this model for ability to reproduce the above-mentioned mechanical phenomena. The model was based on the following four postulates, which had been confirmed experimentally to a varying degree and were integrated into the final variant of our model as well. 1) The rheological behavior of muscle can be described with a three-element model including serial and parallel nonlinear passive elastic components and an active contractile element. 2) The tension developed by the contractile element depends on the number of myosin crossbridges attached to the actin and on the average tension developed by the crossbridge. 3) The number of attached crossbridges, in turn, is determined by the number of calcium-troponin complexes in the overlap zone of thick and thin filaments and the average probability of the crossbridge attaching itself to the derepressed actin. 4) The average tension developed by a crossbridge under any conditions depends only on the sarcomere shortening and stretching rate. 6 This fact has been checked many times for muscle shortening at a constant rate under stationary conditions.8- 10 We, however, postulate this with reference to situations simulated in our model, that is, to cases in which the muscle shortens at a varying rate under different mechanical conditions during the contraction-relaxation cycle.
This model simulates, in general, a single isometric twitch contraction and length-force relation and a single contraction in isotonic and physiological conditions. Mathematical experiments have, however, shown the inability of the model to reproduce the following phenomena: load dependence of muscle relaxation, the response of a contracting muscle to short-time deformations, the dependence of normalized relaxation time on muscle length in the isometric condition, and the dependence of the length-force relation on the concentration of calcium in the sarcoplasm during excitation.
It is clear that the above premises of the model were insufficient for a correct description of the entire range of mechanical phenomena. At the same time, there were indications that the affinity of troponin for calcium depends on the mechanical conditions of muscle contraction.11,12 Using aequorin, Allen and Kentish"11"2 studied the calcium transients in a muscle fiber subjected to short-time deformations. Deformation was found to result in additional luminescence of aequorin. The most probable explanation is that mechanical deformation reduces the affinity of troponin for calcium. Since, on the other hand, short-time deformations are accompanied by inactivation of the muscle's ability for further development of tension in a given single contractionrelaxation cycle,13"14 it would be natural to suggest that there is a relation between this inactivation and the decrease in the affinity of troponin for calcium.
This poses a question of how, at least in principle, mechanical conditions can affect the affinity of troponin for calcium. To find an answer to this question, we turned to experimental studies in which the authors investigated mechanisms responsible for regulation of actin monomer functional groups of thin filament.6"15-18 In these studies, the dependence of isometric tension developed by skinned preparations of skeletal muscle on calcium concentration (when performed in a stationary regime of activation) or on troponin C (TnC) concentration (when performed at maximal concentration) was investigated.6 All the authors of these studies were unanimous in their conclusion that the central mechanism of regulation of functional groups in actin monomers is cooperativity.
Nevertheless, there are differing, although somewhat complementary, views on the nature of this cooperativity. For instance, some authors18 assume that the attachment of a crossbridge increases the affinity of molecules neighboring TnC for calcium. Other authors15 assume that the attachment of a crossbridge in itself derepresses neighboring actin monomers. Still others19 believe that simultaneous binding of neighboring TnCs by calcium increases the number of derepressed actin monomers per each of these TnCs. Thus, to explain the cooperativity, different authors resort to different mechanisms. In some cases, this is a purely mechanical device facilitating the derepression of actin by TnC or a crossbridge; in others, an increase in the concentration of attached crossbridges near a given molecule of TnC increases the affinity of this molecule for calcium.
It should be emphasized that the above-mentioned studies15,1819 were performed under stationary isometric conditions, whereas our goal has been to model dynamic mechanical and mechanochemical phenomena during one contraction-relaxation cycle in cardiac muscle. To ensure correct description of these phenomena, we have added the cooperativity postulate to the four previously mentioned postulates of the model. Within the framework of the model, each of the suggested hypothetical mechanisms of cooperativity has been checked for applicability for solving the problem set.
It has been found that a satisfactory result can be achieved using a hypothesis that crossbridge attachment increases the affinity of adjacent molecules of TnC for calcium. Specifically, the model has permitted us to reproduce load-dependent relaxation of muscle, the reaction of a contracting muscle to short-time deformations, and the dependence of normalized time of relaxation on muscle length in the isometric condition. Furthermore, the model that includes cooperativity is in agreement with the experiments that provide evidence that the affinity of troponin for calcium changes with mechanical deformation. Within the framework of the model, this agreement is due to the fact that mechanical variables (length and velocity) affect the concentration of attached crossbridges (see "Mathematical Model" below), which, in accordance with the hypothesis, should change the affinity of TnC molecules for calcium.
Note that the above results do not rule out the possibility that other hypotheses are valid too. It can only be asserted that the mechanisms proposed by the hypotheses cannot explain dynamic behavior effects observed in muscle. This can be readily illustrated as follows. If we quickly stretch an isometrically relaxing muscle and then allow it to return to its initial length, subsequent isometric relaxation changes dramatically (Figures 1 and 2 ). This situation can be explained only by a mechanism of cooperativ-
Curve showing the results of modeling numerically the development of isometric tension after cyclic deformation (stretching and return to initial length) in a model that does not include cooperativity of the second type. 1, Isometric contraction; 2, response to cyclic deformation.
ity that affects kinetic constants, which permits the system to "remember" previous events. Our hypothesis meets this requirement and is thus the only hypothesis that provides a mechanism explaining dynamic behavior in muscle. This hypothesis, together with the previously described four postulates, made up the basis of our previous model.7 Figures 1, 2, and 3 show that the greater part of mechanical effects associated with inactivation are satisfactorily reproduced by this model. At the same time, however, a number of drawbacks were revealed, which could not be rectified by an assumption of only one type of cooperativity present in the regulation of thin filament activity. Thus, Figures and 3 clearly show that, with reasonable model parameters, the simulation curve for the development of isometric tension does not accurately reproduce the characteristic first (slow) phase of relaxation and that relaxation proceeds exponentially almost immediately from the moment when the effect developed reaches the maximum.
Simulation of load-dependent effects in our previous model7 is not free from limitations either ( Figure  3 ). It is known from experiments on cardiac muscle20 that, in a number of cases, the moment of transition from the isotonic phase to the isometric relaxation occurs earlier when the magnitude of afterload is less. This variant of load dependence is not reproducible by the model7 at all. Moreover, to reproduce even a variant of load dependence similar to that shown in Figure 3 (a relatively small delay of the moment at which the isotonic phase ceases when afterload is decreased), very questionable values had to be assumed for the model parameters. Specifically, the phase of isotonic relaxation reached incredibly high speeds that exceeded the absolute values of the maximum rate of shortening by an order of magnitude. It is these speeds that permitted us to obtain the pattern shown in Figure 3 .
The above choice of parameters, in turn, led to a dramatically complete drop in tension after any short-time deformation (Figures 1 and 2 ). The character of decay in tension did not improve with a decrease in the extent of deformation or a shift in deformation application to the earlier times in the isometric tension time course up to the contraction peak, which is in contradiction with the properties of real muscle. Finally, this model fails completely to reproduce the finding that the length-tension curve should lie higher, the higher the level of free calcium in the myofibrils (Figures 4A and 4B). It is the attempt to reproduce this phenomenon that has led us to introduce the cooperativity of the second type. We have assumed that the binding of calcium by one molecule of TnC facilitates the retention of calcium in adjacent calcium-troponin complexes. While cooperativity of the second type has been included with a sole aim to explain and reproduce the effect of calcium on the length-tension relation, it has automatically led, however, to the elimination of other defects of the first model, that is, to a correct simulation of all the dynamic phenomena mentioned above. This has convinced us that the hypothesis of cooperativity of the second type is highly feasible and should be included in the model in some form.
Finally, note that the assumption about the cooperativity of the second type made by us proceeding from purely theoretical considerations finds substantial experimental support. Using dansyl labeling of TnC in solution and in the thin filament with or without myosin, Grabarek et al17 showed that Hill's cooperativity coefficient for calcium binding by troponin increased in the thin filament as compared with solution and increased even more after addition of myosin. Thus, the data of these authors, too, provide evidence of the presence of both types of cooperativity (independent of each other) that we have used in the model.
The results obtained by Gulati et a121 provide additional evidence in favor of cooperativity of the second type. These authors showed that the total cooperativity increases with replacing cardiac TnC by skeletal TnC in skinned cardiac muscle cells and that the pCa-tension curve shifts to the right along the pCa axis and becomes steeper. In other words, a decrease in the affinity of TnC for calcium ions and growth in the total cooperativity take place simultaneously. The observed increase in the total cooperatively is naturally explained if we assume that, when binding calcium ions, TnC molecules cooperatively interact with each other along the thin filament, with the degree of this interaction depending on the type of TnC (skeletal or cardiac). This conclusion is in agreement with our hypothesis of cooperativity of the second type.
Materials and Methods Mathematical Model
The mathematical model was described in detail elsewhere.7 However, it did not take into account the presence of cooperativity of the second type in thin filaments. Therefore, outlined below is the new model, which incorporates cooperativity of the second type.
The rheological part of the model is represented by the classical three-element circuit that consists of the contractile element (CE), the serial elastic element (SE), and the parallel elastic element (PE). Values for the force (P) of SE and PE are set in a standard way,22 in the form of an exponential dependence of force on deformation.
The force of the contractile element (PCE) is assumed to be proportional to the average force of a crossbridge, which is a function of the rate of change [V(t)] in sarcomere length p. Also, PCE is considered to be proportional to activation [A(t)], that is, to the 20 9 10 0A C number of calcium-troponin complexes in the zone of thick and thin filament overlap. It is also assumed that PCE is proportional to the average probability that a crossbridge would attach itself to a free site on the thin filament [n(t)]:
where A is a constant and p[V(t)] is the rate of sarcomere shortening. Note that the product A(t) * n(t) checks with the number of attached crossbridges at time t up to a constant factor. The concentration of free calcium ions Ca(t) in the myoplasm during the contraction-relaxation cycle is defined analytically:
(2) where Cam is the maximum concentration of free calcium, a, and b, are the constants that determine the rise and fall of the calcium curve, and td is the moment of time at which the supply of calcium into the reaction zone ceases.
The function Ca(t) was borrowed, with slight modifications, from Panerai. 23 The kinetics of the calcium-troponin complex is determined by the reaction: Cl cooperativity is determined by the average number of crossbridges per one calcium-troponin complex or, in other words, by the value of n(t) * A(t)/A(t), which is equal to n(t). A1 is the average concentration of calcium-troponin complexes within the overlap zone per unit sarcomere length. Dependence (Equation 4) is central to our model. Numerical approximation to 'n(n) is as follows: m4n)=1Tmin for 0.75.nl1 = (WTmin)2n-°05 for 0.25<n<0.75 =1 for n<0.25 (5.1) where 7Jmin is a parameter of the model.
The function 4(A1) in the model determines cooperativity of the second type and is defined by the relation:
where qk is a parameter of the model.
Earlier we mentioned the dissociation of calciumtroponin complexes in the zone where thick and thin filaments overlap. The degree of overlap affects both the number of complexes and the rate of their dissociation. The overlap of filaments, in turn, depends on sarcomere length. For lengths of the contractile element less than maximum, the overlap of filaments by half the sarcomere is given by
where Tn is the concentration of TnC, C1 is the constant of the rate of calcium binding by troponin, and C2 is the constant of the rate of dissociation for calcium-troponin complexes.
Our model is based on experimental results in which the equilibrium constant for calcium binding by troponin (for pure troponin or for the entire set of regulatory proteins in the thin filament) was shown to become higher by an order of magnitude in the presence of S-myosin subfragments. 16 Hence, dissociation of calcium-troponin complexes outside the zone where thick and thin filaments overlap proceeds faster than within the overlap zone. Concentrations of complexes inside and outside the overlap zone must, therefore, be different. Also, we take into account the fact that the average constant for the rate of dissociation of the calcium-troponin complex C2 within the overlap zone depends on the average number of attached crossbridges near this complex and on the concentration of complexes C2=C20-w(n). 4(A1)
where C20 is the constant of the rate of dissociation for the calcium-troponin complex in the absence of cooperative effects, and r(n) is the probability function n. This function determines the cooperativity of the first type. Indeed, as was noted above, this (6) where SO is a constant, 11 is the elongation of the sarcomere with respect to its length at rest, and S(l) is the length of the overlap zone by half the sarcomere. Thus, the model considers the range of lengths 11 that do not exceed the sarcomere length corresponding to the full overlap of the filaments. Now, activation A(t), that is, the total number of calcium-troponin complexes, can be written as 
Taking into account the above, the equation for PCE can be rewritten as follows:
Now, the only thing left is to determine what the probability of crossbridge attachment n depends on and to define a particular form of crossbridge force dependence on the rate of sarcomere shortening (elongation), p[V(t)]. The definition of probability n is based on the following considerations. It is known that stiffness of skeletal muscle depends on the rate of change in sarcomere length, provided that its activation is complete and permanent (i.e., as in tetanus) and that the length-force relation is on the plateau.9 Therefore, it may be assumed that n is in some way dependent on the rate V. Furthermore, in an intact muscle, the volume of the sarcomere remains constant irrespective of changes in its length. 24 Thus, the lateral distance between thin and thick filaments should depend on sarcomere length. This suggests that a change in this distance should affect the probability of attachment, and n is a function of sarcomere length. Let us present n in the form n=nl *n2 (10) where nj is the probability that a myosin crossbridge will "find" a vacant site on the actin filament, and n2 is the probability that the crossbridge will attach itself to this site, provided it has been found. Evidently, the less the distance between thick and thin filaments, the broader the "scanning area" for a crossbridge "looking for" a vacant site for attachment. 
where g, and g2 are constants and parameters of the model.
For a given rate of sarcomere motion, a constant value of muscle stiffness appears upon cessation of the transient. The probability n2 depends, therefore, on the rate of change in sarcomere length, taking into (8) account the transient. Thus, (12) Thus, the constant for the rate of dissociation of calcium-troponin complexes is dependent, in accordance with Equation 10 and the associated relations, on sarcomere length and on the rate of its change. In The dependence of muscle stiffness on the constant rate of stationary shortening with some degree of accuracy can be set with the help of the linear dependence: G*(V)=1+0.6(V/Vmax) (14) Note that the rate of shortening V is assumed to be negative (the rate of elongation is, accordingly, positive) and that Vm.. is the absolute value of the maximum rate of muscle shortening.
The present study postulates that the dependence of force developed by a crossbridge on the rate of muscle shortening or stretching only remains valid for stationary and for any other conditions under which muscle contraction takes place. Based on this, a particular dependence of crossbridge force on velocity is obtained from the stationary force-velocity and stiffness-velocity relations. For V<O, the stationary force-velocity relation is given by the Hill equation:
is the force of muscle shortening at a constant rate and F*(V) is the same force in normalized form. Since under stationary conditions p()= F*(V) , then, taking into account Equations 14 and 15 for the force of a crossbridge in a shortening muscle, we obtain the following expression:
Unfortunately, in contrast to the data on shortening, the data on stiffness and force of a muscle stretched at a constant rate under stationary conditions are fragmentary and contradictory. They provide only a qualitative conclusion that stiffness and force developed by muscle, while increasing the constant rate of stretching, first increase and then drop. Therefore, it seems plausible that a certain critical rate of stretching (V1) should result in a maximum on stationary force-velocity and stiffnessvelocity curves and that constant velocities greater than V, should cause a decrease in stationary values of force and stiffness. Using these assumptions, we have constructed hypothetical dependences F*(V1), G*(V1), and, accordingly, p(V) for V>0, where critical velocity V1 and the values of F*(V1) and G*(V1) are parameters. This hypothesis is circumstantially confirmed by the adequacy of the model to a wide range of experimental data (see "Results").
Certainly, having no idea as to particular values of V1, F*(V1), and G*(V1), we tried varying them over a wide range when performing mathematical experiments on the model. It is important that this variation did not qualitatively change the results of modeling.
Also, an additional note should be made concerning the postulate of cooperativity of the second type for contractile proteins. Moss et a16 described an experiment on the extraction of TnC from skinned muscle developing isometric tension under stationary conditions. It was shown that the dependence of tension on the concentration of TnC is nonlinear in general. At tensions >0.5 Pmax, however, this dependence assumes a virtually linear form. That is to say, under these conditions, cooperativity of the second type should not manifest itself for P.0.5 Pma,.. It is obvious that this statement is in no contradiction with our model.
Indeed, from Equation 9 it follows that under stationary isometric conditions the tension checks with A, up to a constant factor, while the condition P.0.5 Pmax is equipotential to the condition A1l0.5 (since A, is measured in fractions of the concentration of TnC before its extraction from the preparation, Pmax is attained for A1= 1, and, accordingly, 0.5 Pmax at A1=0.5). Substituting the basic parameters of the model into the latter expression, one can see that, for A1.0.5, the inequality a(A1) c 10`2 is met. In other words, for P.0.5 Pm:, the dependence of tension on troponin is practically linear.
Experimental Model
The experiments were performed using thin (a cross section of 0.2-0.4 mm2) trabeculae of the right ventricle of cats and rabbits. Muscles were placed in a bath with running Krebs' solution and were stimulated by electric pulses applied at an interval of 3.0 seconds. The details of muscle preparation were described elsewhere. 26 One end of the preparation was attached to a dynamometer. The sensitive element used was a semiconductor strain gauge on a sapphire substrate mounted on a rigid membrane with a compliance of 3 x 10-5 m/N. The noise level at the dynamometer output was 4x 10-6 N over a range of 0-1,000 sec`1. The other end of the preparation was attached to the lever of an electromagnetic ergometer that was connected to a servosystem. 26 The construction of the latter permitted contractions to be recorded under various conditions of mechanical loading: isometric, including the case where short-time deformations were preset; isotonic, with a possibility of changing the magnitude of postloading at any moment during the cycle; and physiological. Under physiological conditions, the loading of cardiac muscle in an intact muscle was simulated. The muscle contracted under isometric conditions to a preset value of constant postload. Then it shortened under a variable load proportional to the degree of shortening and to the rate of shortening (vascular impedance simulation). As soon as the end-systolic length was achieved (Les), it was fixed, and relaxation proceeded isometrically up to a force equal to the preload value. The last phase in the mechanical activity of cardiac muscle consisted in rapid and then slow stretching of muscle to the end-diastolic length (Led). Under standard conditions L=0.95L,,,., where Lm:a, is the length (L) for which force in the isometric condition is maximum. The details of the experimental design were described elsewhere. 26 As an estimate for the relative rate of relaxation, use was made of the time in which isometric tension drops to 30% of its initial level (t30). This value is the characteristic time of relaxation. Figure 5 shows the length-force relation in cat trabeculae under the various conditions of loading: isometric (curve 1), physiological (curve 2), and isotonic (under constant loading) (curve 3). The abscissa is the initial length for isometry or the end-systolic length for conditions involving shortening. Figure 5 demonstrates a difference in the slope of the length-force relations for isometric and isotonic conditions. The physiological sequence of loads, where the same end-systolic force is achieved at lower rates of motion than under the isotonic condition, occupies an intermediate position (curve 2). In other words, for the same end-systolic length the force of contraction after shortening in this pattern is always lower than that under the isotonic condition.
Results
When the concentrations of extracellular calcium increases, the difference between the length-force curve in the isometric and isotonic conditions decreases ( Figure 4A ). The higher the concentration of extracellular calcium, the less steep is the slope of the length-force curve for isometric contractions plotted on the axes (L/Lm., P/Pj) ( Figure 4B ).
The model qualitatively simulates this set of phenomena ( Figure 4C) . At lengths <0.98 Lm., the length-force relation is sufficiently close to linear, whereas the isotonic length-force relation lies significantly lower than the isometric one. Also, modeling does not simulate the other peculiarities observed in the experiment. According to the results of modeling, not only the force of contraction but also the timeto-peak tension of isometric contractions depends on the initial length.
The discrepancies between the length-force relations can be attributed to different degrees of thin filament activation by calcium ions at peak tension in the isometric condition and at peak shortening in the isotonic condition. This difference in the levels of activation is due to two causes regarding the model. The first cause is that the time-to-peak isotonic shortening considerably exceeds the time-to-peak isometric tension for the same muscle length. Therefore, even without the inactivating factors being taken into account, the amount of activation should be greater at peak isometric contraction than at peak isotonic shortening. The second cause is that the difference in the level of activation between different conditions is due also to the action of inactivating factors proper, such as the velocity of muscle shortening. The higher the velocity (and, hence, the lower the number of attached crossbridges), the lower is the affinity of troponin for calcium ions.
The above experiments demonstrate that an increase in the extracellular concentration of calcium leads to a shift of the normalized length-force curve. Specifically, the higher the level of calcium, the less steep is the interdependence of muscle length and its force. The model reproduces this fairly well if we vary the value of Cam, which is a parameter determining the entrance of calcium into the myofibrillar area. The greater the value of Cam (and, hence, activation), the less steep is the length-force relation.
Relation Between Characteristic Time of Isometric Relaxation and Length
The characteristic time of isometric relaxation (t3o) in cat and rabbit trabeculae strips depends on the initial length (in the isometric condition) or the Les in the physiological sequence of loads. The lower the Les, the higher is the rate of relaxation ( Figure 6A ).
Comparison of the relations "Les-t30" and "initial length-t30" shows that for the same length, t30 is always greater in the isometric condition than in the physiological sequence of loads. Note that these two patterns of mechanical activity of cardiac muscle differ only in the physiological pattern; previous to isometric relaxation, the muscle shortens under a variable load.
The difference between the relations Les7-t30 and initial length-t30 is not observed for all muscle samples. For preparations with a high level of passive tension (Ppassi,e/Pact,e ratio of 0.3-0.5) or for those in which low velocity of shortening is observed, there is no significant difference in the rate of relaxation in the physiological conditions of loading as compared with isometric conditions. Moreover, in such preparations, there is no difference in steepness between the relations Lesndsystolic force and initial length-end-systolic force. Taking into account the above data, we can draw a conclusion that the rate of shortening, together with Les, is an important mechanical determinant of the rate of isometric relaxation. Other conditions being equal, the higher the rate of shortening, the faster is the isometric relaxation. Since shifts in tm correlate with changes in end-systolic force, the effect of the rate of shortening on subsequent isometric relaxation is likely to be realized via the effect of mechanochemical uncoupling. This dependence of tm during isometric relaxation on the previous rate of shortening is well simulated by our model (Figure 6B ). Here, for comparison we show the dependence of t30 on initial length and on Les (as found by modeling). The difference between the relation is greatest at small lengths, that is, in the case where a considerable rate of shortening is present.
Effect of Calcium Ion on Isometic Contraction and Relaxation
An increase in extracellular concentration of calcium ions involves not only an increase in the force of contraction but also marked changes in the twitch time course. This manifests itself primarily in an increase in the time-to-peak tension and in a marked slowing of isometric relaxation ( Figure 7A ). In hypercalcium solution, it is the initial phase of relaxation that is especially slow. The same results were obtained using the model (see Figure 7B ). The experimental dependence of t30 on Les at various concentrations of extracellular calcium is shown in Figure 8A . It can be seen that an increase in Cao results in a longer characteristic time of relaxation (t30) when Les is fixed.
Another result is that the difference between corresponding relations for the physiological conditions of loading and the isometry is always smaller in hypercalcium solutions than in normal ones. The same dependences are observed in the model ( Figure  8B ). Other conditions being equal, the increase in the force of contraction is accompanied by an increase in the characteristic time of relaxation.
The model does not allow for causal interdependence of end-systolic force and the rate of relaxation; therefore, such a relation between t30 and endsystolic force is due to some other variable. Indeed, t30 is affected not only by end-systolic force as a physical variable but, according to the model, by the number of calcium-troponin complexes, with the same number determining also the end-systolic force. Load-Dependent Relaxation Figure 9A shows the results of modeling isotonic contractions for various values of afterloading: 0.1, 0.3, 0.5, and 0.7 PO. For comparison, we show the corresponding experimental data (Figure 9B ). The principal result is that, after shortening, the isometric phase of relaxation in afterloading isotonic contractions begins earlier and proceeds faster as compared with relaxation in purely isometric conditions. This is the so-called load-dependent relaxation.27,28 Comparison of Figures 9A and 9B demonstrates that the model reproduces this phenomenon fairly well.
Moreover, for loads >0.6-0.7 PO, the load is observed to return to the initial position a little later on shortening than under normal isometric conditions. The model proved to be adequate in simulating this phenomenon as well (marked with an asterisk). In accordance with experimental data, the model simulates the increase in the velocity of isotonic shortening and relaxation as load is reduced. The model was successfully used to reproduce the relation between isotonic and isometric contraction durations. In the model, like in the experiment, the dependence of the time-to-peak tension of isotonic shortening on load is extreme. In both the experiment and the model, the peak of isotonic shortening is attained later than that of isometric force.
If during isotonic relaxation the load is decreased, isotonic relaxation proceeds faster and comes to an end earlier, whereas subsequent isometric relaxation proceeds faster (Figure l0A ). On the contrary, if during isotonic relaxation the load is reduced, the relaxation is extended. The model reproduces this in full (Figure lOB) . Quite a different picture is observed if we vary the change in load at the initial phase of isotonic shortening ( Figure 11 ). In this case, a stepwise increase in load prolongs the period of subsequent relaxation and a decrease in load accelerates subsequent isometric relaxation. These effects are observed in both normal and hypercalcium solutions.
Effect of Short-Time Changes in Length on Mechanical Activity
One of the manifestations of mechanochemical uncoupling is the effect of short-time deformations. 13, 14 It is known that the effect of deformations A depends on their extent, their position in the contraction-relaxation cycle, and the pattern of deformations. The main experimental data are shown in Figure 12 . It can be seen that a short-time stretchingrelease cycle with return to the initial length leads to marked inactivation of subsequent isometric contractions ( Figure 12A ). The inactivation effect of such deformations is greater the later they are placed in the cycle. This phenomenon is well simulated in the model ( Figure 12B ). Inactivation manifests itself in both the experiment and modeling and also in response to the application of deformation in reverse order (i.e., when stretching follows release) or in response to a simple release to a definite length, without reverse deformation (Figures 12C and 12D ).
Discussion
Recent studies have shown that different mechanisms that control contraction are very well coordinated. It would be sufficient to mention the investi-gations27-30 where it was shown, for example, that the relaxation process determinants are very complex, while the relaxation process itself is, to a great extent, dependent on the conditions under which the muscle contraction process occurs. Similarly, the lengthtension relation is not isolated; its characteristics are directly connected with both the extent of activation of contractile proteins and the mechanical conditions of muscle contraction. Thus, if we want to understand the nature of mechanisms regulating different processes involved in the act of contraction, the idea that these processes are independent should be dismissed, and the possibility of self-coordination should be investigated.
The present study is an attempt to examine cardiac muscle contraction with the help of a mathematical model. This is a predominantly theoretical study, which inevitably has required a number of plausible assumptions because of the lack of experimental data. These assumptions have considerably improved the model, enabling it to simulate practically all the known mechanical phenomena in cardiac muscle. Therefore, it seems reasonable to subject these assumptions to most serious experimental verification. Thus, the model possesses some heuristic value, permitting a new, well-thought-out class of experiments to be performed. For example, we have shown the expediency of incorporating the postulate of cooperativity of the second type into the model. It has been underlined that this cooperativity will manifest itself under certain stationary isometric conditions (for P>0.5 P., this cooperativity does not change the linear character of the relation between extractable TnC and tension, which corresponds to the data obtained by Moss et a16). The same cooperativity, however, does not produce a decisive effect on dynamic mechanical phenomena in cardiac muscle within the framework of the model. This suggests, therefore, that the mechanisms regulating the activity of the thin filament should be studied not only under stationary but also under dynamic conditions.
There is one more hypothetical postulate of the model that requires experimental verification, and this is the relation between force and constant velocity of muscle stretching under stationary conditions.
The most important element of the model is the postulate of two types of cooperativity in thin-filament regulation. The arguments for including these types into the model have been given above. It is worth noting that in the model the mechanisms of cooperativity play the role of a connecting link between the processes of contraction and relaxation (specifically, they have permitted the phenomenon of load-dependent relaxation to be explained; see Figure 9 ). These mechanisms make it clear why the length-force relation is not an invariable characteristic of cardiac muscle but is closely connected with both the extent of activation of myofibrils by calcium and the mechanical conditions of muscle contraction. Cooperativity of the second type smoothes abrupt changes in the isometric tension during transition from contraction to relaxation. This cooperativity appears to be necessary in the model to ensure the shifting of the length-tension relation, depending on the level of extracellular (and, hence, intracellular) calcium concentration (see Figure 4 ). Cooperativity of the second type, in conjunction with cooperativity of the first type, makes a substantial contribution to the development of the isometric tension during the time following a short-time deformation of muscle ( Figure 12 ). In other words, both cooperativities act as main mechanisms of fine coordinated regulation of contraction, which ensure in the model a feedback between the mechanical conditions of muscle contraction and the activation of its contractile proteins. Within the framework of the model, the affinity of TnC for calcium cannot be constant; marked changes in the mechanical conditions that change the number of crossbridges near calcium-troponin complexes lead to changes in their affinity constant. Therefore, the model predicts, for example, an additional increase in calcium concentration in the sarcoplasm when the muscle is released for a short time, as it was observed in the experiments."1",2
Postulation of cooperativity of two types permits some of the new experimental results to be explained. Thus, for simulating the changes of cardiac muscle properties caused by the replacement of A B 31 For its simulation by our model, this effect requires that both types of cooperativity be used. Cooperativity of the first type is responsible for all length-dependent effects. Cooperativity of the second type, however, can enhance or reduce these effects. Specifically, the replacement of cardiac TnC by skeletal TnC brings about the following chain of consequences. qk increases; consequently, k(A1) decreases for all lengths, and with it the constant of dissociation of calcium-troponin complexes decreases as a whole. As a result, variation of the values of r(n) corresponding to different sarcomere lengths produces a weaker absolute effect on the dissociation of complexes (see Equation 4 ); that is, the length dependence of thin filament activation becomes less steep, which manifests itself also in a less steep There seem to be, however, a number of limitations to this model. Thus, for example, a number of studies28-30 provided very convincing evidence that disappearance of load dependence may be due to a decrease in the rate of calcium sequestration by the sarcoplasmic reticulum. Since the duration of calcium transition is directly dependent on this rate, it seemed possible to simulate slower calcium uptake by reducing the parameter for the time constant of calcium transition decay. A numerical experiment has, however, shown that load dependence does not disappear with this reduction; rather, the process of relaxation slows down against normal in both the isotonic and isometric conditions ( Figure 13) . Thus, the model does not reproduce the disappearance of load dependence with the slowing down of calcium uptake by the reticulum. The most probable cause of the discrepancy between the experimental and theoretical results is likely to be a mechanism of calcium distribution among various intracellular buffer systems in the course of muscle contraction that are not taken into account by the model. It is likely that, with slowing down the rate of calcium uptake by the sarcoplasmic reticulum, the duration of calcium tran- nature of cardiac muscle contraction and, in the end, to develop better diagnostical methods. FIGURE 13 . Curve simulating the effect of a decrease in the constant of the rate of decrease in intracellular calcium concentration on load-dependent relaxation. 1, Isometrtic contraction; 2 and 3, postloading concentration. sition does not merely increase, as it is observed in modeling, but that it increases stronger in the isotonic condition than in the isometric one. This hypothesis is in agreement with the predictions of our model that dissociation of calcium-troponin complexes increases in the isotonic condition. A reticulum with slow take-up would not have time to remove the calcium additionally released by TnC from the reaction field. In other words, introduction of equations describing the actual kinetics of the myofibrillar calcium into the model is likely to set off the disadvantage under consideration.
We believe that the proposed theoretical analysis based on a model is useful for understanding pathological processes as well. It shows that any interpretation of clinical physiological data, for example, should take into account the fact that diastolic dysfunction can be directly connected with systolic defects (e.g., that the time course of relaxation is closely connected not only with functioning of the sarcoplasmic reticulum but also with the extent to which contractile proteins are activated).
The ideas developed above, which are based on our model, cast a doubt on the possibility of using the relation end-systolic pressure-end-systolic volume as a contractility index, as was proposed.32 Both exper-iments33 and numerical modeling (see Figure 4 ) demonstrate that this characteristic of the ventricle is very dynamic and is strongly dependent on the mechanical conditions of cardiac muscle contraction.
Regarding the extremely difficult but important problem of cardiac muscle contractility indexes, the search for a singular measure of muscle contractility or its capability for relaxation, in a system where molecular processes are deeply self-coordinated, is unrealistic. Similarly, an attempt at phenomenological description of cardiac muscle as an elastic body with varying rigidity34 or of ventricle as a shell of varying elasticity32 might, to some extent, meet pragmatic needs, but it leaves many of the essential questions masked.
A more promising method seems to be one that combines thorough experiments, giving a deeper insight into the molecular nature of muscle contraction, with continually perfected mathematical models. This approach makes it possible to study the
Appendix Basic Model Parameters
We preface the list of basic values for the model parameters with the following notes on the choice of units and some other characteristic values. Time in the model is measured in milliseconds. The variable 11 means a shift in length at rest rather than in contractile element length. Therefore, when the sarcomere length at rest is 1.87 ,um, 11 is assumed to be equal to 0; maximum l1 is assumed to be equal to 0.46 ,ltm.
All concentrations are given in dimensionless units, that is, fractions of the concentration of TnC (capable of binding calcium) along the thin filament. Accordingly, the values of the kinetic constants are calculated in terms of the same dimensionless units.
The Tension in the model is expressed in dimensionless units, the latter being passive tension of muscle developed at l1= 1max. Dimensionless units of tension have been chosen so that the model could be related to both the behavior of an individual sarcomere and any experimental sample. This, in particular, simplifies comparison of the numerical modeling results with the experimental data presented in this study. The parameters 81, 132, and A have been chosen so that, for the rest of the basic parameters, the maximum tension developed in the isometric condition was -10 for 11=lma; that is, it exceeded the passive tension for the same length by an order of magnitude.
The majority of values for the basic parameters were given in our study7 describing the first variant of the model. Exceptions are the kinetic constants in Equation 8 , which changed as a result of incorporating cooperativity of the second type. 
